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We study the post-translational escape of nascent proteins at the ribosomal exit tunnel with the consideration
of a real shape atomistic tunnel based on the Protein Data Bank (PDB) structure of the large ribosome
subunit of archeon Haloarcula marismortui. Molecular dynamics simulations employing the Go-like model
for the proteins show that at intermediate and high temperatures, including a presumable physiological
temperature, the protein escape process at the atomistic tunnel is quantitatively similar to that at a cylinder
tunnel of length L = 72 A˚ and diameter d = 16 A˚. At low temperatures, the atomistic tunnel, however,
yields an increased probability of protein trapping inside the tunnel while the cylinder tunnel does not
cause the trapping. All-β proteins tend to escape faster than all-α proteins but this difference is blurred on
increasing the protein’s chain length. A 29-residue zinc-finger domain is shown to be severely trapped inside
the tunnel. Most of the single-domain proteins considered, however, can escape efficiently at the physiological
temperature with the escape time distribution following the diffusion model proposed in our previous works.
An extrapolation of the simulation data to a realistic value of the friction coefficient for amino acids indicates
that the escape times of globular proteins are at the sub-millisecond scale. It is argued that this time scale is
short enough for the smooth functioning of the ribosome by not allowing nascent proteins to jam the ribosome
tunnel.
I. INTRODUCTION
After the determination of the ribosome structures1,2,
there has been growing attention on understanding the
role of the ribosomal exit tunnel on protein biosynthe-
sis and on cotranslational protein folding (for recent re-
views see Ref.3–6). Biochemical studies indicate that
the tunnel plays an active role in the regulation of the
protein translation process by blocking specific peptide
sequences7,8. The mechanism of this blocking or trans-
lation arrest can be associated with certain ribosomal
protein’s motion which alters the tunnel shape9. In co-
translational protein folding, the tunnel imposes a spa-
tial confinement on the traversing nascent peptide while
it is being synthesized by the ribosome. The narrow ge-
ometry of the tunnel was suggested to entropically pro-
mote the α-helix formation10 whereas it may sterically
obstruct the formation of β-sheet11. Depending on the
location within the tunnel, peptides can form simple α-
helices12 and small tertiary structure units13. The latter
can be observed near the tunnel exit port where there
is enough space to hold the structure. Simulations14,15
and experiments16–18 indicate that cotranslational fold-
ing starts inside the tunnel, with the structures ranging
from a non-native compact conformation16 and transient
tertiary structures15 to a small protein domain17. There
are also considerations that the folding inside the ribo-
some tunnel is negligible leading to a focus only on the
a)Corresponding author, E-mail: hoang@iop.vast.vn
folding of nascent chains as they emerge from the tunnel,
as shown in studies with stalled ribosome-bound nascent
chain experiments19,20 and simulations21,22.
In recent works23,24, we suggested that the exit tun-
nel, as a passive conduit, has a significant impact on
the early post-translational folding, i.e. shortly after the
protein’s C-terminus is released from the peptidyl trans-
ferase center (PTC). This impact corresponds to a vec-
torial folding23 induced by the tunnel and is associated
with the escape process of a full length protein from the
tunnel. In particular, the folding and escape of a nascent
protein at the tunnel are concomitant with each other.
Folding accelerates the escape process whereas a gradual
escape improves the protein foldability. Furthermore, we
showed that the protein escape at the tunnel is governed
by a diffusion mechanism and the escape time distribu-
tion can be captured by a simple model of a Brownian
particle in a linear potential field.
The escape process also has an important meaning of
itself. It should not be too quickly because this would
leave an escaped protein significantly unfolded outside
the ribosome, by that increases the chance of protein
aggregation25. It cannot be also too slow because this
would decrease the productivity of the ribosome. Inter-
estingly, our previous study shows that the real length
of ribosome exit tunnel is close to a cross-over tunnel
length24 of 90 to 110 A˚ for the diffusion of small globular
proteins. For tunnels of lengths larger than this cross-
over length, the diffusion is much slower. Thus, it was
suggested that the ribosome tunnel length may have been
selected by evolution to facilitate an appropriate escape
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The previous works23,24 on the protein escape process
considered a highly simplified model of the ribosomal exit
tunnel, being a hollow cylinder with repulsive wall. Real
exit tunnel is highly porous for water-size molecules and
effectively adopts an irregular shape26 for polypetides.
The tunnel shape also depends on the type of organism27.
The aim of our present study is to work with a realis-
tic tunnel to test the validity of the previous findings,
and to investigate the effect of the tunnel shape on the
protein escape process. For this purpose, we consider
an atomistic model of the tunnel based on the resolved
PDB structure of the large ribosome subunit of Haloar-
cula marismortui2. The atomistic tunnel incorporates all
heavy atoms for the ribosomal RNA but only the Cα’s
for the ribosomal proteins. The Cα-only representation
is also used for nascent proteins within a standard Go-
like model28–31. We have chosen the same coarse-grained
level for ribosomal proteins for a consistency in modelling
with the chosen Go-like model. This choice, however, re-
duces the roughness of the tunnel’s wall where amino acid
side-chains are exposed. In order to accelerate the simu-
lations all the ribosomal atoms are kept fixed, thus, the
tunnel acts solely as a passive channel for the escaping
proteins in our consideration.
The main focus of our paper is on the effect of the
tunnel shape on the escape process. In order to delineate
this effect, we compared the escape of a nascent protein
at the atomistic tunnel with that at an equivalent cylin-
der tunnel. The latter is described such that it produces
a similar median escape time to that obtained with the
atomistic tunnel. This comparison shows similarities and
differences between the two tunnels. Remarkably, we find
that the atomistic tunnel yields a non-zero probability of
trapping protein inside the tunnel while the cylinder tun-
nel does not. Other issues being discussed are the depen-
dences of the escape time on temperature, on protein’s
length and native state topology among small single do-
main proteins, and on the friction coefficient for amino
acids. An estimation of real escape time from the simu-
lations is also presented. Interestingly, we find that the
estimated escape time is relevant to the functionality of
the ribosome.
II. MODELS AND METHODS
A. Protein and tunnel models
Nascent proteins are considered in a Go-like
model28–31, in which a protein is represented only by its
Cα atoms. The intramolecular potential energy of a pro-
tein in a conformation is given by31
E =
N−1∑
i=1
Kb(ri,i+1 − b)2 +
N−1∑
i=2
Kθ(θi − θ∗i )2 +
+
∑
n=1,3
N−2∑
i=2
K
(n)
φ [1 + cos(n(φi − φ∗i ))] +
+
∑
i+3<j

[
5
(
r∗ij
rij
)12
− 6
(
r∗ij
rij
)10]
∆ij +
+
∑
i+3<j

(
σ
rij
)12
(1−∆ij) , (1)
where N is the number of amino acid residues; rij is the
distance between residues i and j; θi and φi are the bond
and dihedral angles of the residue i; n is equal to either 1
or 3; the star superscript corresponds to the native state’s
value; ∆ is the native contact map with ∆ij equal to 1 if
there is a native contact between i and j and equal to 0
otherwise. ∆ is defined based on an all-atom considera-
tion of the protein PDB structure with a contact cut-off
distance between two atoms equal to 1.5 times the sum of
their atomic van der Waals (vdW) radii (the C3 map in
Ref.24). Energy is given in units of , which corresponds
to the depth of the 10-12 Lennard-Jones potential given
in the fourth term of Eq. (1). The parameters used in
the model are b = 3.8 A˚, σ = 5 A˚, Kb = 100 A˚
−2,
Kθ = 20 (rad)
−2, K(1)φ = −, K(3)φ = −0.5 .
To build up the atomistic model of the ribosomal exit
tunnel, we used the crystal structure of the Haloarcula
Marismortui’s large ribosomal subunit with the PDB
code 1jj22. Only a part of the subunit surrounding the
tunnel was taken to the model (Fig. 1a). In particular,
we excluded the ribosome’s atoms that are further than
30 A˚ from a chosen axis x that originates from the PTC
region and goes roughly through the middle of the tunnel.
Furthermore, we kept only heavy atoms for the ribosomal
RNA and only Cα atoms for the ribosomal proteins. The
interaction potential between the Cα atoms of a nascent
protein and the Cα atoms of a ribosomal protein is as-
sumed to be repulsive and takes the form of (σ/rij)
12.
The interaction potential between a nascent protein’s Cα
(a) and a ribosomal RNA heavy atom (b) is also repulsive
and given by
V (r) = 
(
Ra +Rb +R+
rab
)12
, (2)
where rab is the center-to-center distance between a and
b; Ra = 2.5 A˚ is an effective radius of amino acid; Rb
is the atomic vdW radius of the ribosomal atom; R+ =
0.8 A˚ is an effective additive radius accounting for the fact
that hydrogen atoms are not considered in the model of
the tunnel. For example, if b is a carbon atom (with a
vdW radius of 1.7 A˚) then one gets Rb+R+ = 2.5 A˚, i.e.
same as Ra. We have checked that the above mentioned
value of R+ yields an adequate escape behavior for the
nascent proteins33.
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FIG. 1. (a) Two projected views of the ribosomal exit tunnel
of H. Marismortui represented by all heavy atoms within 30
A˚ away from a chosen axis that goes roughly through the
middle of the tunnel. (b) A conformation of protein GB1
(red) obtained by simulation after the protein is grown from
the PTC at the atomistic tunnel. The latter is shown from a
cross-section plane which includes the tunnel axis. Assuming
that x is the tunnel axis, the planes of the projected views are
y-z and x-y in (a) and x-z in (b). The PTC region is identified
as located between the bases A2486, U2620 and C2104 of the
ribosomal RNA32. The tunnel length of L = 72 A˚ indicated
by arrows corresponds to an axial distance from the opening
of the tunnel near the PTC to an inner edge of the tunnel
exit port.
The simulations were carried out using molecular dy-
namics method based on the Langevin equation of mo-
tion and a Verlet algorithm23. The amino acids are as-
sumed to have an uniform mass, m. Temperature is given
in units of /kB , whereas time is measured in units of
τ =
√
mσ2/. We used the same value of the friction co-
efficient in the Langevin equation, ζ = 1 mτ−1, through
out the studies except in the Subsection III.C where the
dependence on the friction coefficient is investigated. In
each simulation, first the polypeptide chain was grown in
the tunnel from the PTC at a constant speed given by
the growth time tg = 100 τ per amino acid. This growth
time is slow enough to produce converged properties of
fully translated protein conformations in terms of the ra-
dius of gyration and the number of native contacts, i.e.
the distributions of these quantities are similar to those
obtained with a much larger growth time23. After the
protein is completely translated, the simulation was run
until it has fully escaped from the tunnel. The escape
time was measured from the moment of complete trans-
lation. Because the exit port is irregular with a complex
geometry, in order to capture the essential escape time,
we have defined the tunnel region as the space within
a cylinder of length L = 72 A˚ and radius of 15 A˚ cen-
tered about the tunnel axis x. This region starts from
an opening of the tunnel near the PTC and ends at an
inner edge of the exit port (Fig. 1), corresponding to
positions from x = 10 A˚ to x = 82 A˚. An amino acid
residue is considered to have escaped from the tunnel if
it is found outside the tunnel region. Typically, for each
temperature about 1000 independent growth and escape
trajectories are simulated to obtain the statistics of the
escape time.
B. Diffusion model
The escape of a fully translated protein at the ribosome
tunnel is driven by: (i) an enthalpic force associated with
the folding of the protein outside the tunnel, (ii) an en-
tropy gain as the chain emerges from the tunnel, and
(iii) the stochastic motion of a partially unfolded chain.
It has been shown that in the Go-like model, the free
energy change of a protein along an escape coordinate
is a monotonically decreasing function, which is approxi-
mately linear at intermediate and high temperatures23,33.
Interestingly, all these effects can be effectively acquired
in a diffusion model23,24, which describes the protein es-
cape as the diffusion of a Brownian particle pulled by a
constant force in one dimension. The particle diffusion in
a potential field U(x) is governed by the Smoluchowski
equation34
∂
∂t
p(x, t) =
∂
∂x
D
(
β
∂U(x)
∂x
+
∂
∂x
)
p(x, t), (3)
where p(x, t) is a probability density of finding the par-
ticle at position x and at time t > 0, given that it was
found at position x = 0 at time t = 0; D is the diffu-
sion constant, assumed to be position independent; and
β = (kBT )
−1 is the inverse temperature with kB the
Boltzmann constant. The escape time is described as
the first passage time of the particle reaching a distance
L from an origin in the drift direction. Given an exter-
nal potential of the linear form U(x) = −kx, where x
is the coordinate of the particle and k is the force, the
distribution of the escape time was obtained via an exact
solution35 and is given by24
g(t) =
L√
4piDt3
exp
[
− (L−Dβkt)
2
4Dt
]
. (4)
Using the distribution in Eq. (4) one obtains the mean
escape time
µt ≡ 〈t〉 =
∫ ∞
0
t g(t) dt =
L
Dβk
, (5)
with Dβk as the mean diffusion speed, and the standard
deviation
σt ≡
√
〈t2〉 − 〈t〉2 =
√
2L
D(βk)
3
2
. (6)
Note that both µt and σt diverges when k = 0, for which
g(t) becomes a heavy-tailed Le´vy distribution. It has
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FIG. 2. Log-log plots of the temperature dependence of the
median escape time tmed (a) and the mean escape time µt
(b) for protein GB1 at the atomistic tunnel (crosses) and at
a cylinder tunnel of length L = 72 A˚ and diameter d = 16 A˚
(circles). The straight line (dashed) has a slope of −1 and
is fitted to the data points of the cylinder tunnel at high
temperatures (T ≥ 1 /kB).
been shown that D and βk depend on L, on the protein
and on other conditions such as the crowders’ volume
fraction outside the tunnel24.
III. RESULTS AND DISCUSSION
A. Effect of tunnel shape on escape process
To study the effect of tunnel shape on the escape pro-
cess, we consider the immunoglobulin binding (B1) do-
main of protein G (GB1) as a nascent protein. This
protein has a length of N = 56 amino acids and was
considered in our previous studies23,24. The folding tem-
perature of GB1 was found as Tf = 1.004 /kB
24. Ex-
perimentally, the melting temperature of the wild-type
GB1 at pH 5.5 has been reported to be 80.5◦C36. We
will study the escape process at various temperatures but
will focus on the simulation temperature T = 0.85 /kB ,
which after unit conversion corresponds to a physiologi-
cally relevant temperature of 26.3◦C.
In order to delineate the effects of tunnel shape on the
escape process we sought for an equivalent cylinder tun-
nel that yields a similar escape time to that obtained at
the atomistic tunnel for the protein GB1. We found that
among the cylinder tunnels of the same length as that of
the atomistic tunnel, i.e. L = 72 A˚, the one with diame-
ter d = 16 A˚ satisfies quite well the last requirement over
a wide range of temperature. Figure 2(a) shows that
the median escape times tmed for the atomistic tunnel
and the cylinder tunnel are quite close to each other for
various temperatures from 0.85 /kB to 1.6 /kB . Fig-
ure 2(b) also shows that the mean escape times µt for
the two tunnels agree very well with each other at in-
termediate and high temperatures (T > 0.85 /kB). For
T ≤ 0.85 /kB , both tmed and µt for the atomistic tunnel
are larger than for the cylinder tunnel and the differences
increase as the temperature decreases. These differences
indicate that at low temperatures, it is more difficult for
proteins to escape from the atomistic tunnel than from
the cylinder one. It appears that the physiological tem-
perature 0.85 /kB corresponds to a borderline behavior
of the escape process, in which the effect of tunnel shape
starts to get in.
Figure 2 also shows the linear dependences of tmed and
µt on T
−1 in log-log scales (the dashed lines) as it would
be found for a Brownian particle diffused in a potential
field with a constant βk. Our previous study24 shows
that this linear behavior is found for a homopolymer
chain with self-repulsion, and thus can be applied for in-
trinsically disordered proteins. For foldable proteins like
the GB1, this linear dependence can be observed only
at high temperatures, at which the proteins are unfolded
during the escape.
Note that one can also have an equivalent cylinder tun-
nel of a length different from that of the atomistic tun-
nel. For example, we found that the cylinder tunnel of
L = 82 A˚ and d = 13.5 A˚ also yields similar median and
mean escape times to those of the atomistic tunnel (see
Fig. S1 of the supplementary material) with an equally
good agreement as in Fig. 2. For the most relevant com-
parison, we consider only the equivalent cylinder tunnel
of L = 72 A˚ and d = 16 A˚.
We now examine more carefully the escape processes
of GB1 at the atomistic and cylinder tunnels at T =
0.85 /kB . Figure 3(a) shows that at the atomistic tun-
nel, the histogram of the escape time for this protein
obtained from the simulations follows quite well the dis-
tribution function g(t) given by the diffusion model in
Eq. (4). Figure 3(b) shows that the probability of pro-
tein escape Pescape has a sigmoidal dependence on the
time t with Pescape reached the value of 1 at t ≈ 900 τ .
This result means that the protein can effectively es-
cape from the tunnel without significant delays compared
to the median escape time, tmed ≈ 230 τ . Fig. 3(b)
also shows the dependence of the probability PC-term-β
of forming the C-terminal β-hairpin inside the tunnel on
time. The time dependence of this probability is obtained
by averaging over multiple escape trajectories. The C-
terminal β-hairpin is said to be formed inside the tunnel
5if it forms at least half of its native contacts and when
all of its residues (41-56) are located within the tunnel.
We tracked this β-hairpin because previous study showed
that at low temperatures the GB1 protein can escape
from a cylinder tunnel through two different pathways
depending on whether the C-terminal β-hairpin is formed
inside the tunnel or not23. Fig. 3(b) shows that at the
atomistic tunnel, only a small fraction of about 2% of
the escape trajectories have this β-hairpin formed inside
the tunnel. We have checked that the trajectories having
this hairpin formed typically correspond to longer escape
times than other trajectories.
Figure 3(c) shows the histogram of conformations ob-
served during the escape process as a function of the num-
ber of native contacts Nc and the number of residues
escaped from the tunnel Nout for protein GB1 at the
atomistic tunnel. The histogram shows a high-density
cloud of conformations having intermediate values of Nc
and Nout, indicating that the protein folds during the es-
cape. The blurring of the cloud, however, suggests that
the protein adopts a wide range of conformations dur-
ing the escape process. Given that the maximum Nc for
GB1 is 120, the histogram shows that during the escape
the protein can form up to two-thirds of all of its native
contacts. Note that conformations of Nout = 0, i.e. com-
pletely located within the tunnel, are also present in the
histogram.
Figures 3(d,e,f) show that the equivalent cylinder tun-
nel of diameter d = 16 A˚ produces not only a similar
escape time distribution but also a similar dependence
of Pescape on time and a similar histogram of escaping
protein conformations to those obtained with the atom-
istic tunnel. Notice, however, that there are differences.
First, the escape time distribution at the atomistic tun-
nel is slightly more narrow than the one at the cylinder
tunnel while the median escape time at the cylinder is
slightly smaller than at the atomistic tunnel (220 τ vs.
230 τ). Second, for the cylinder tunnel the escape prob-
ability Pescape reaches 1 faster at the time about 500 τ .
Third, the histogram in Nc and Nout less dispersed in
the case of the cylinder tunnel. These differences indi-
cate that the protein escapes relatively more easily at the
cylinder tunnel than at the atomistic tunnel.
Other differences at the two tunnels can be seen at
the probability of forming the C-terminal β-hairpin and
the histogram of conformation during the escape process.
Fig. 3(e) shows that for the cylinder tunnel the proba-
bility PC-term-β is zero at all times, indicating that the
C-terminal β-hairpin does not form inside the cylinder
tunnel. Fig. 3(f) shows that the histogram of conforma-
tions during the escape process for the cylinder tunnel
does not include conformations of small Nout (less than
about 16). These results are different to those at the
atomistic tunnel and indicate that the pathways at the
atomistic tunnel are more diverse than at the cylinder
tunnel.
The differences between the escape processes at the
two tunnels magnify as the temperature is lowered. In
Fig. 4 we show the same plots as in Fig. 3 but for
T = 0.75 /kB . Figures 4(a) and 4(d) show that the
escape time distribution for the atomistic tunnel is sig-
nificantly more broad than for the cylinder tunnel. Fig-
ures 4(b) and 4(e) show that for the atomistic tunnel the
escape probability Pescape can reach only about 94% at
t = 1000 τ while for cylinder tunnel it can reach 100%
at t ≈ 500 τ . Figure 4(b) shows that at T = 0.75 /kB ,
about 5% of the escape trajectories having the C-terminal
β-hairpin formed inside the atomistic tunnel while this
fraction remains to be zero for the cylinder tunnel (Fig.
4(e)). Figures 4(c) and 4(f) show that the histogram of
escaping conformations for the atomistic tunnel is more
complex than for the cylinder tunnel. There appears a
significant number of conformations of low Nout, includ-
ing those of Nout = 0, at the atomistic but the cylin-
der tunnel. We have checked that the trajectories that
did not end with a successful escape after a long time
compared to tmed are associated with conformations of
Nout = 0. These conformations are identified as kinetic
traps in the escape process.
Figure 5 shows several trapped conformations obtained
at T = 0.75 /kB for GB1 at the atomistic tunnel. The
number of native contacts Nc in these conformations is
different but all of them have the α-helix and at least one
β-hairpin formed. The conformation shown in Fig. 5(c)
also has a partial tertiary structure established by con-
tacts between the α-helix and the N-terminal β-hairpin.
These conformations did not appear at the cylinder tun-
nel, indicating that the irregular shape of the atomistic
tunnel allows for and makes the formation of trapped
conformations more easy inside the tunnel. Note that
at the physiological temperature T = 0.85 /kB , there
were no kinetic traps. This can be understood as due
to two reasons: the faster diffusion at this temperature
helps the protein to avoid trapped conformations, and
the larger thermal fluctuations help the protein to get
out from the traps. The trapping at an atomistic ribo-
some tunnel and the alleviation of trapping by increased
thermal fluctuations have been also observed for the chy-
motrypsin inhibitor 2 (CI2) protein in an early simulation
study by Elcock14. Our results here for GB1 are consis-
tent with that previous work.
It is interesting now to compare the protein diffusion
properties at the two tunnels using the diffusion model.
Figure 6 shows the values of the diffusion constant D
and the potential slope βk obtained by fitting the escape
time histograms at various temperatures to the diffusion
model, wherein it can be seen that for both the tunnels
D appears to increase linearly with temperature whereas
βk tends to adopt a constant value. The linear depen-
dence of D on temperature agrees with that of an ideal
Brownian particle. The atomistic tunnel, however, yields
a lower D and a higher βk than the cylinder tunnel at
intermediate and high temperatures (T ≥ 0.85 /kB),
while the average diffusion speed given by Dβk is almost
the same for the two tunnels. We have checked that at
these temperatures, the escape time distributions at the
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FIG. 3. Distributions of the escape time (a,d), time dependences of the escape probability Pescape (solid) and the probability
of C-terminal β-hairpin formation inside the tunnel PC-term-β (dashed) (b,e), and histograms of conformations as a function
of the number of residues escaped from the tunnel Nout and the number of native contacts Nc (c,f) for protein GB1 at the
atomistic tunnel (upper panels) and at an equivalent cylinder tunnel (lower panels) of length L = 72 A˚ and diameter d = 16 A˚,
at temperature T = 0.85 /kB . The native conformation of GB1, shown in (a) as inset, has 120 native contacts.
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FIG. 4. Same as Fig. 3 but for T = 0.75 /kB . The panels show distributions of the escape time (a,d), the time dependences of
the escape probability Pescape (solid) and the probability of C-terminal β-hairpin formation inside the tunnel PC-term-β (dashed)
(b,e), and the histograms of conformations as a function of the number of residues escaped from the tunnel Nout and the
number of native contacts Nc (c,f) for protein GB1 at the atomistic tunnel (upper panels) and at an equivalent cylinder tunnel
(lower panels) of length L = 72 A˚ and diameter d = 16 A˚.
atomistic tunnel are slightly narrower than at the cylin-
der tunnel. At low temperatures (T < 0.85 /kB), both
D and βk for the atomistic tunnel deviate significantly
from the average trends due to the impact of kinetic trap-
ping. Also at low temperatures, the escape time distri-
bution for the atomistic tunnel becomes broader than for
the cylinder tunnel.
To better understand the differences between the two
tunnels, we sought for a quantitative comparison between
the shapes of the atomistic tunnel and the cylinder tun-
nel. To that extent, we have calculated the area S of
the inner cross-section of the atomistic tunnel as a func-
tion of the position x along the tunnel axis using a probe
sphere. The effective diameter of the tunnel at a given
position then was calculated as d = 2
√
S/pi. Figure
7(a) shows that the shape of the tunnel’s cross-section
varies strongly with x. It is typically not circular and
significantly deviates from that of the equivalent cylin-
7(a) (b) (c)
Nc = 27, Nout = 0 Nc = 34, Nout = 0 Nc = 47, Nout = 0
FIG. 5. Examples of the conformations of GB1 that are trapped inside the atomistic tunnel during the escape process at
T = 0.75 /kB . The number of native contacts of the conformations are Nc = 27 (a), Nc = 34 (b) and Nc = 47 (c), whereas
all of them have Nout = 0, as indicated.
der tunnel. The tunnel is also quite narrow near the
PTC and becomes much wider at the exit port. Figure
7(b) shows that the effective diameter d of the atomistic
tunnel varies, but not too strongly, between 15 and 20 A˚,
for the positions of x between 15 and 75 A˚. Notice that
for these positions, the diameter d = 16 A˚ of the equiva-
lent cylinder tunnel lies within the variation range of the
atomistic tunnel’s diameter but is near the lower bound
of this range. This can be understood as the irregular
shape of the atomistic tunnel’s cross-sections makes it
effectively smaller for nascent proteins.
The present model of the atomistic tunnel neglects the
presence of amino acid side-chains. We have checked
that by considering all the heavy atoms of ribosomal
proteins in the tunnel model while keeping the Cα-only
representation for GB1, the escape time distribution at
T = 0.85 /kB changes only slightly with a small shift to-
wards smaller values, but the escape probability reaches
only about 95% at the time of 1000 τ (Fig. S2 of the
supplementary material). We also found that due to the
increased roughness of the tunnel surface, the all-heavy-
atom tunnel requires a longer growth time of the protein,
with tg = 400 τ per amino acid, to obtain converged
properties of fully translated protein conformations. The
results indicate that amino acid side-chains may have
a relatively small but detrimental effect on the escape
process. A proper consideration of this effect, however,
would need models that include side-chain representa-
tions for both ribosomal and nascent proteins and allow
the degrees freedom of side-chain rotation. It can be ex-
pected that while the side-chain exclude volumes cause
some obstruction to the escape process, the freedom of
side-chain rotation can make the escape somewhat easier.
B. Dependence of escape time on protein
In order to study the dependence of the escape time on
protein, apart from GB1 we selected additional 16 single
domain proteins of lengths between 37 and 99 residues
and belonging to different classes of all-α, all-β and α/β
proteins, and carried out simulations for these proteins.
We consider only the atomistic tunnel and the simulation
temperature T = 0.85 /kB . Figure 8 shows that the his-
tograms of the escape times for the selected proteins are
quite similar in the overall shape and the range of most
probable values. The peak positions of the histograms
vary but within the same order of magnitude. The dis-
tribution width is the most narrow for the all-β proteins.
For most of the proteins, the histogram can be fitted
quite well to the distribution function given by Eq. (4)
of the diffusion model. For a few proteins, i.e. the ones
with PDB codes 2spz and 1wt7, the agreement with the
diffusion model is worse than for others with the appear-
ance of a thick tail of large escape times (Fig. 8(m and
n)). For most of the proteins, we observed trajectories
with trapped conformations of Nout = 0. The fraction
of non-escaped trajectories at the largest time in the his-
tograms shown in Fig. 8 (1200 τ or 1800 τ) is below 2%
for 10 out of 16 proteins (see the caption of Fig. 8). At
a larger time of 8000 τ , this fraction falls below 2% for
all proteins except 2spz, for which this fraction remains
at 9.7%. Thus, most proteins can escape efficiently. We
have checked that the trapped conformations of 2spz typ-
ically have a two-helix bundle formed within the tunnel,
resulting in an increased difficulty for its escape.
Figure 9(a) shows the median escape time tmed as a
function of the chain length N for all 17 proteins consid-
ered including GB1. It can be seen that tmed is found
in the range from 200 τ to 500 τ and does not seem to
depend on N . However, the variation of the escape times
among the proteins decreases with N . Figure 9(b) plots
tmed against a topological parameter of the protein na-
tive state, the relative contact order (CO)37. It shows
an weak but visible trend that tmed decreases with CO.
From the types of data points shown in Fig. 9(b) one can
also see that the all-β proteins on averages escape faster
than the all-α proteins, whereas the α/β proteins can es-
cape either as fast or as slow as the two other groups.
From the fits of the simulated escape time distribution
to the diffusion model, we obtained the values of D and
βk for 17 proteins. Figures 9(c) and 9(d) show that
both D and βk vary strongly among the proteins, but
like for tmed, the variation decreases with N indicating
8 0
 0.5
 1
 1.5
 2
 2.5
 3
 0.6  0.8  1  1.2  1.4  1.6  1.8
(b)
Cylinder tunnel
βk
D
D
 (Å
2 /τ
)
βk
 (Å
−
1 )
T (ε/kB)
D=1.59 T
βk=0.20
 0
 0.5
 1
 1.5
 2
 2.5
 3
 0.6  0.8  1  1.2  1.4  1.6  1.8
(a)
Atomistic tunnel
βk
D
D
 (Å
2 /τ
)
βk
 (Å
−
1 )
D=1.10 T
βk=0.29
FIG. 6. Dependence of the diffusion constant D (circles) and
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at the atomistic tunnel (a) and at the cylinder tunnel of L =
72 A˚ and d = 16 A˚ (b). The data are obtained by fitting the
simulated escape time distribution to Eq. (4). Straight lines
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fits are D = 1.1T and βk = 0.29 A˚−1 in (a) and D = 1.59T
and βk = 0.2 A˚−1 in (b).
a kind of convergence. It can be also noticed that the
strongest variation belongs to the α/β proteins, whereas
the weakest belongs to the β proteins. It can be expected
that proteins of length N > 100 have similar tmed and
diffusion properties at the tunnel to the ones of length
70 < N < 100.
It is interesting that all the proteins considered are
able to escape from the atomistic tunnel successfully in-
cluding the CHHC zinc-finger domain (2vy4) which has
the length of only 37 residues. In order to check whether
a smaller zinc-finger domain can escape, we carried out
the simulations for a 29-residue domain (res. 102-130) of
ADR1 protein with the pdb code 2adr. Figure 10 shows
that this zinc-finger domain poorly escapes the tunnel
with only 40% of the trajectories being able to escape af-
ter a long simulation time of 8000 τ . A projected median
escape time for this domain would be at least about 50
times larger than for GB1. Furthermore, the simulated
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FIG. 7. (a) Inner cross-sections (dark color) of the atomistic
tunnel obtained by using a probe sphere of radius R = 3 A˚
at various position x along the tunnel axis as indicated. For
comparison, the cross-section of an equivalent cylinder tunnel
of diameter 16 A˚ is also shown (gray circle). (b) Dependence
of the effective diameter d of the atomistic tunnel (solid) on
x. For a given position x, d is calculated as d = 2
√
S/pi,
where S is the area of the tunnel’s cross-section. Horizontal
dashed line indicates the constant diameter d = 16 A˚ of the
equivalent cylinder tunnel.
escape time distribution as shown Fig. 10(a) cannot be
fitted to the diffusion model. Fig. 10(c) shows that a typ-
ical trapped conformation of this zinc-finger domain has
the α-helix and the N-terminal β-hairpin formed and it is
found deeply within the tunnel. The partial folding ob-
served here is consistent with a recent experiment which
indicates that the 2adr zinc-finger domain can fold com-
pletely within the tunnel17. The difference between the
zinc-finger domain of 2adr and that of 2vy4 is that the
latter is 8 residues longer and has a more developed β-
hairpin with a coil-like flagging tail near the N-terminus.
This flagging tail makes the β-hairpin formation inside
the tunnel more difficult allowing the N-terminus to reach
out of the tunnel. It is suggested that the behavior of the
29-residue zinc-finger domain is similar to the diffusion
with k = 0 in the diffusion model. A protein trapped
entirely inside the tunnel would feel no free energy gra-
dient and therefore has no indication on which direction
to diffuse. It can be expected that the cross-over tunnel
length24 for the 29-residue zinc-finger domain is signif-
icantly shorter than the real length of the exit tunnel
and therefore the protein is found in the slow diffusion
regime.
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FIG. 8. Distribution of the escape time at the atomistic tunnel at T = 0.85 /kB for 16 small single-domain proteins (not
including GB1) named by their PDB codes as 1iur (a), 2jwd (b), 2yxf (c), 2uvs (d), 1wxl (e), 2ql0 (f), 2ci2 (g), 2vxf (h), 2k3b
(i), 1shg (j), 1f53 (k), 2zeq (l), 2spz (m), 1wt7 (n), 2vy4 (o), 2rjy (p). The PDB code and the native state of each protein are
shown inside the panels with the N-terminus indicated by a blue ball. In each panel, a normalized histogram of the escape
times obtained from simulations (boxes) is fitted to the diffusion model (solid line). The fractions of non-escaped trajectories
at the largest time in the histograms are 0% (1iur), 1% (2jwd), 0.3% (2yxf), 4.6% (2uvs), 0% (1wxl), 5.6% (2ql0), 0.6% (2ci2),
0.2% (2vxf), 1.2% (2k3b), 1.2% (1shg), 4% (1f53), 0.6% (2zeq), 10.9% (2spz), 13.7% (1wt7), 1% (2vy4), and 2.6% (2rjy).
C. Dependence of escape time on friction coefficient
This subsection is relevant only to the methodology
used in the study but it helps to better interpret the pre-
vious results. All the simulations in the previous subsec-
tions were done with the friction coefficient ζ = 1 mτ−1
for amino acids. This value of ζ may not be realistic for
real proteins inside cells. Thus, we ask how the escape
time would depend on ζ and whether one can extrapo-
late this dependence to obtain the real escape time. For
this purpose we carried out additional simulations for
GB1 with ζ = 2, 4, and 8 mτ−1 at the atomistic tunnel
with T = 0.85 /kB . In these simulations, because the
increased friction slows down the dynamics, the growth
time per amino acid tg was also increased to 200, 400 and
800 τ , respectively, for the given values of ζ. Fig. 11(a)
shows that the median escape time tmed is an almost
perfect linear function of ζ. This linear dependence indi-
cates that the simulation results are in the overdamped
(large friction) regime. Fig. 11(b) shows that the dif-
fusion constant D of the escaping protein, obtained by
fitting the simulated escape time distribution to the dif-
fusion model, decreases with ζ like D ∼ ζ−1. Together
with the approximate linear dependence of D on tem-
perature shown Fig. 6, one finds a complete consistency
with the Einstein’s relation D = kBT/ζ
∗ where ζ∗ is the
friction coefficient of a Brownian particle. Thus, protein
at the tunnel behaves very much like a Brownian particle
if one assumes that the quantity ζ∗ is proportional to ζ
and plays the role of an effective friction coefficient of the
whole protein.
Given that σ = 5 A˚, m = 110 g/mol, and  ≈
0.7 kcal/mol, the time unit in our simulation can be cal-
culated as τ =
√
mσ2/ ≈ 3 ps. The simulation’s fric-
tion unit mτ−1 ≈ 6 × 10−11 g s−1. The realistic friction
coefficient of amino acid in water can be obtained from
the Stokes law, ζwater = 6piησ, where η = 0.01 Poise
is the viscosity of water at 25◦C. One obtains ζwater ≈
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Dependence of the escape probability, Pescape, on time for the system considered in (a). (c) A typical trapped conformation of
the domain inside the tunnel.
9.4×10−9 g s−1 ≈ 157 mτ−1. By extrapolating the linear
dependence in Fig. 11(a) one finds that at ζ = ζwater the
median escape time for GB1 is tmed ≈ 3× 104 τ ≈ 90 ns.
This time appears to be too short for large scale motion
like the protein escape.
Veitshans et al.38 suggested that at high friction, in-
ertial terms in the Langevin equation are irrelevant, and
the natural time unit is τH = ζσ
2/kBT . For water at
room temperature, a direct calculation from the last for-
mula gives τH ≈ 0.6 ns. With some scaling factor, Veit-
shans et al.38 estimated that τH ≈ 3 ns. With these
revised time units, the theoretical estimate of tmed is ei-
ther 18 µs or 90 µs. The experimental refolding time of
GB1 at neutral pH is about 1 ms39. We have checked that
within the same Go-like model at T = 0.85 /kB , the me-
dian refolding time is about 50% larger than tmed. Thus,
the model prediction of the refolding time is smaller but
within the same order of magnitude as the experimental
value given that some uncertainties are associated with
the estimates. With the above estimates, and given the
results of the previous section, it can be expected that the
escape times of single-domain proteins are of the order
of 0.1 ms, i.e. in the sub-millisecond scale.
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IV. CONCLUSION
There are several remarks we would like to mention
for the conclusion. First, the shape of the ribosomal exit
tunnel appears to cause increased difficulty for nascent
proteins to escape compared to a smooth cylinder tun-
nel. This difficulty is reflected by the appearance of ki-
netic traps in the escape pathways leading to lengthened
escape times. We have shown that the trapped conforma-
tions are completely located inside the tunnel and usually
have a significant development of tertiary structure. The
formation of tertiary structure elements inside the tun-
nel correlates with the modulated shape of the ribosome
tunnel, which has some narrow parts but also some wider
parts which can hold a tertiary unit. In contrast, the
equivalent cylinder tunnel of 13.5 A˚ diameter does not
allow tertiary structure formation and yields no kinetic
trapping. Second, thermal fluctuations are important
for the escape of nascent proteins. We have shown that
for GB1, a significant fraction of escape trajectories get
trapped at T = 0.75 /kB , but not at the physiological
temperature T = 0.85 /kB . Interestingly, at the latter
temperature, almost all of the 17 single-domain proteins
considered are able to escape efficiently, even the smallest
one, the 37-residue 2vy4. Note that the trapping arises
solely due to the folding of a protein within the tunnel,
thus it depends on temperature. At high temperatures,
folding is slow and diffusion is fast, therefore a protein
would have a low probability of getting trapped before
escaping from the tunnel. At low temperatures, folding
is fast while diffusion is slow, the trapping probability is
increased. On the other hand, a protein would get out
from a trap easier at a higher temperature.
Third, if a protein or peptide is too small it cannot es-
cape efficiently from the tunnel. The example of the 29-
residue zinc-finger domain of 2adr shows that the protein
is severely trapped inside the tunnel with the median es-
cape time about of two orders of magnitude larger than
that of GB1. The trapped protein is not guided by a
potential gradient towards the escape direction. This ex-
ample reflects a relation between the protein size and
a cross-over tunnel length for efficient diffusion, as pre-
dicted by our previous study with the cylinder tunnel24.
Forth, the escape time of single-domain proteins weakly
depends on the native state topology and is almost in-
dependent of the protein size. Our model predicts that
the protein escape time at the ribosome tunnel is of the
order of 0.1 ms. The latter is much shorter than the time
needed by the ribosome to translate one codon (tens of
milliseconds), therefore not allowing nascent proteins to
jam the ribosome tunnel.
One may ask to what extent hydrophobic and elec-
trostatic interactions of a nascent protein with the ribo-
some exit tunnel can alter the above obtained results.
It is well-known that the tunnel’s wall formed by the
ribosomal RNA is negatively charged. We found that
for H. marismortui’s ribosome, the tunnel’s inner surface
with x < 82 A˚ has only four hydrophobic side-chains
that are clearly exposed within the tunnel, belonging to
Phe61 of protein L4, Met130 of protein L22, and Met26
and Leu27 of protein L38, and about 10 exposed charged
amino acid side-chains. These statistics indicate that the
effect of hydrophobic interaction on the escape process
can be considerably small whereas the Coulomb interac-
tion may have a strong effect on nascent chains. However,
if the total charge of a nascent protein is neutral, the
electrostatic forces on the protein’s positive and negative
charges may cancel out each other. Thus, it is reason-
able to expect that the energetic interactions of nascent
proteins with the tunnel can lead to specific changes in
the escape behavior for individual proteins, but on an
average they give only higher-order corrections to what
obtained with excluded volume interaction.
Finally, like for the cylinder tunnel, it is found that
the escape time distribution at the atomistic tunnel for
various proteins follows very well the one-dimensional dif-
fusion model of a drifting Brownian particle. This con-
sistent finding suggests that the protein escape at the
ribosome tunnel may have been designed by Nature to
be simple, efficient and predictable for the smooth func-
tioning of the ribosome. This result also proves the use-
fulness of using simple stochastic models to understand
complex dynamics of biomolecules.
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SUPPLEMENTARY MATERIAL
See supplementary material for the dependences of the
median escape time and the mean escape time on tem-
perature for protein GB1 at the cylinder tunnel of length
L = 82 A˚ and diameter d = 13.5 A˚, and for the histogram
of the escape time and the time dependences of the es-
cape probability and the probability of the C-terminal
β-hairpin formation inside the tunnel for protein GB1 at
a tunnel model that considers all the heavy atoms of the
ribosomal RNA and the ribosomal proteins.
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1SUPPLEMENTARY MATERIAL FOR: “PROTEIN ESCAPE AT THE RIBOSOMAL EXIT TUNNEL: EFFECT OF THE
TUNNEL SHAPE”, P.T. BUI AND T.X. HOANG
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FIG. S1. Same as for Figure 2 but for a comparison between the atomistic tunnel (crosses) with a cylinder tunnel of length
L = 82 A˚ and diameter d = 13.5 A˚ (circles).
 0
 0.002
 0.004
 0.006
 0  200  400  600  800  1000
(a)
GB1
T=0.85 ε/kB
All−heavy−atom tunnel
Atomistic tunnel
N
or
m
al
iz
ed
 h
ist
og
ra
m
Escape time (τ)
 0
 0.2
 0.4
 0.6
 0.8
 1
 0  200  400  600  800  1000
T=0.85 ε/kB
(b)
All−heavy−atom tunnel
P e
sc
a
pe
P C
−t
er
m
−β
Time (τ)
FIG. S2. Same as for panels (a) and (b) of Figure 7 but for a tunnel model that consists of all the heavy atoms of the ribosomal
RNA and the ribosomal proteins. The GB1 protein is still considered in the Cα-based Go-like model. The fit of the simulation
data to the diffusion model for the atomistic tunnel (dotted) is shown for comparison with the fit for the all-heavy-atom tunnel
(solid). Compared to the atomistic tunnel, the all-heavy-atom tunnel requires a longer growth time of the protein to obtain
converged properties of fully translated protein conformations in terms of number of native contacts and radius of gyration.
For the results shown in the figure, the protein is grown with the growth time tg = 400 τ per amino acid. A longer growth
time leads to similar results.
